Mammary gland development commences during embryogenesis with the establishment of a species typical number of mammary primordia on each flank of the embryo. It is thought that mammary cell fate can only be induced along the mammary line, a narrow region of the ventro-lateral skin running from the axilla to the groin. Ectodysplasin (Eda) is a tumor necrosis factor family ligand that regulates morphogenesis of several ectodermal appendages. We have previously shown that transgenic overexpression of Eda (K14-Eda mice) induces formation of supernumerary mammary placodes along the mammary line. Here, we investigate in more detail the role of Eda and its downstream mediator transcription factor NF-κB in mammary cell fate specification. We report that K14-Eda mice harbor accessory mammary glands also in the neck region indicating wider epidermal cell plasticity that previously appreciated. We show that even though NF-κB is not required for formation of endogenous mammary placodes, it is indispensable for the ability of Eda to induce supernumerary placodes. A genome-wide profiling of Eda-induced genes in mammary buds identified several Wnt pathway components as potential transcriptional targets of Eda. Using an ex vivo culture system, we show that suppression of canonical Wnt signalling leads to a dose-dependent inhibition of supernumerary placodes in K14-Eda tissue explants.
Introduction
The murine mammary gland development initiates at around embryonic day 10.5 (E10.5) with the establishment of bilateral milk or mammary lines [1] . Between E11-E12, five pairs of mammary placodes, local thickenings of the epithelium, emerge at conserved positions. By E13.5, the placodes have transformed via hillock stage to buds that have submerged downward and are surrounded by several layers of a specialized dermis, the primary mammary mesenchyme [1] . As the tip of the primordium begins to elongate, at E15.5, it forms a primary sprout that invaginates into the more distal secondary mammary mesenchyme. Branching morphogenesis begins a day later, and by birth a small ductal tree with several branches has formed.
The murine mammary line is not externally visible but only detectable from histological sections or molecularly identifiable by expression of Wnt pathway genes such as Wnt10b or TOPgal, a transgenic reporter of the canonical Wnt pathway [2, 3] . Initially, the milk line is not a continuous structure but instead three independent Wnt10b-positive stripes arise: in axillary and inguinal regions, and the third one in the flank between the fore and hind limb buds. The axillary milk line gives rise to placode 1, inguinal to placode 5, and placodes 2, 3 and 4 form from the milk line of the flank [2] . Establishment of placodes is asynchronous and expression analysis of the Wnt pathway mediator Lef1 revealed a designated order: 3, 4, 1/5 and 2 [4] . As the placodes form, low level of Wnt10b expression transiently combines all three milk lines but by E12.5 Wnt10b expression becomes confined to mammary buds [2, 3] . Placode morphogenesis is thought to rely mainly on migration of the progenitor cells along and from the immediate vicinity of the milk line and not on proliferation [5, 6] .
Similar to other ectodermal appendages such as hair follicles and teeth, reciprocal interactions within and between the epithelium and the underlying mesenchyme are a necessity for proper development and pattering of mammary glands [1, 7, 8] . These interactions are mediated by conserved signaling pathways, of which at least the fibroblast growth factor (Fgf), Wnt/ β-catenin, and Neuregulin (Nrg)/ErbB pathways regulate mammary placode formation. Mammary gland initiation relies on a complex interplay between these pathways and transcription factors Gli3 and Tbx3 and their absence disrupts formation of one or more placode pairs (reviewed in [9] ). Fgf10, emanating from the tip of the thoracic somites and the limb buds, has been proposed to function as one of the earliest signals for milk line specification. In the absence of Fgf10 or its receptor FgfR2b, only placode pair four develops [2, 4] . Wnt/β-catenin signaling is required for all mammary placodes to form. Ectopic ectodermal expression of the secreted Wnt inhibitor Dkk1 abolishes all signs of mammary placodes [3] . Disruption of the Hedgehog pathway mediator Gli3 leads to loss of placodes 3 and 5 [10, 11] . In Tbx3 null embryos, all mammary placodes are absent with the exception of occasional presence of placode 2 [12] . Tbx3 has been proposed to act both up-and downstream of Fgf and Wnt pathways but the details of these interactions are not well understood [12] [13] [14] . Finally, hypomorphic Nrg3 mutant mice display frequently missing or hypoplastic placode 3 but also supernumerary placodes [15] , whereas ectodermal overexpression of Nrg3 induces multiple supernumerary mammary glands along and adjacent to the milk line [16] .
Another important player in embryonic mammary gland development is the tumor necrosis factor (Tnf) superfamily ligand Ectodysplasin-A1 (hereafter Eda) and its receptor Edar. The Eda pathway has a well characterized role in the development of diverse set of ectodermal organs [17, 18] . The ectodermal appendage phenotype of Eda null mice (Tabby mice) and mice with compromised activation of transcription factor NF-κB is highly similar [19] , and biochemical and genetic studies have confirmed the importance of NF-κB downstream of Eda [18, 20] . In humans, mutations in the genes encoding EDA, EDAR, or the cytosolic signal mediator EDARADD cause a condition known as hypohidrotic ectodermal dysplasia (HED). In addition to tooth, hair, and sweat and salivary gland defects, breast anomalies such as hypoplastic/ absent/supernumerary nipples and even absence of breast tissue have been reported in HED patients [21] [22] [23] . Studies using Eda loss-and gain-of-function mouse models have shown that Eda regulates embryonic and prepubertal mammary gland branching morphogenesis via NF-κB [24] . However, all five mammary glands form in Eda null mice suggesting that Eda is dispensable for mammary placode formation [24, 25] . Strikingly, ectodermal overexpression of Eda (K14-Eda mice) leads to formation of supernumerary mammary placodes along the milk line, in particular in the region between mammary buds 3 and 4, and give rise to supernumerary mammary glands in the adult [26, 27] . Beyond this, little is known about the importance of Eda in the initial stages of mammary gland development.
We report here that NF-κB is dispensable for mammary placode induction, yet it is necessary for the ability of Eda to induce supernumerary mammary primordia. Using an unbiased genome-wide approach, we identify several transcriptional targets of Eda. We provide evidence indicating that Eda promotes mammary cell fate by enhancing canonical Wnt signaling activity. Furthermore, we find that Eda induces supernumerary mammary glands not only between the endogenous mammary glands, but also in the neck region. Based on analysis of wild-type and K14-Eda embryos we propose that the murine mammary line extends more anteriorly than previously recognized.
Results

Supernumerary mammary buds form anterior to the mammary line in K14-Eda embryos
Embryonic mammary primordia exhibit high Eda-dependent NF-κB activity from E12 onwards [24, 25] . To gain further insights on the role of the Eda/NF-κB pathway in early mammogenesis, we assessed NF-κB signaling activity with reporter mice expressing β-galactosidase under an NF-κB-responsive element in control and K14-Eda embryos. We detected NF-κB activity in the mammary placode forming region from E11 onwards (Figs 1 and S1 ). At E11.0, a low level reporter expression was detected in the region of future mammary placode 3 and the interface of the forelimb bud and the thorax where placode 1 will later appear (Figs 1A and S1). At E11.25 faint expression was detected also at the border of the hind limb bud and ventrum (prospective placode 5), as well as at the site of future primordium 4 (Figs 1B and S1B). By E11.5 reporter expression had intensified in placode 3 and become more condensed at placodes 1, 4, and 5 ( Fig 1C) . Dispersed X-gal-positive cells were detected at the location of prospective placode 2 ( Figs 1C and S1D ). In addition, modest amount of reporter positive cells were observed along the entire milk line, from placode 1 to 5. At E12.0 high localized reporter expression was confined to the mammary buds and low level NF-κB activity was found throughout the dorsal side of the embryo whereas the ventrum appeared devoid of reporter expression (Fig 1D) . At these early stages, the reporter expression was constantly stronger in K14-Eda background (Fig 1A-1D) .
Similar to previous reports on expression of the Wnt pathway genes and TOP-gal reporter, NF-κB reporter positive cells disappeared from the milk line between E12.5 and E13.5 in control embryos (Fig 1E and 1F) . In K14-Eda embryos, elevated NF-κB signaling was observed along the milk line, as well as in the dorsum, yet they exhibited no obvious focal clustering of X-gal-positive cells between buds 3 and 4, i.e. at the site of prospective supernumerary primordia, until at~E12.5 (Fig 1C-1E ). These foci were more pronounced at E13.5, although reporter expression was markedly less intense than in endogenous buds (Fig 1F) .
The milk line, the area possessing mammary inductive capacity, is considered to extend from the axilla to the groin [1] . To our surprise, we observed faint NF-κB reporter activity from E11.0 onwards also in the neck area, anterior to mammary bud 1, which was substantially more pronounced in K14-Eda embryos (arrowheads in Fig 1) . In K14-Eda embryos, reporter expression was confined to one or up to four small foci suggesting that supernumerary placodes were induced in the neck region. In situ hybridization analysis revealed high focal expression of Wnt10b, as well as Dkk4, another placode marker [28] in endogenous placodes of E11.25 wild type and K14-Eda embryos, as well as in the neck region (Fig 1G and 1H ). The latter coincided with the site of ectopic placodes marked by NF-κB reporter expression in K14-Eda embryos (compare Fig 1G and 1H to Fig 1A-1C) .
To analyze more in detail NF-κB activity, we sectioned whole mount stained reporter embryos (Fig 2) . NF-κB activity was present throughout the developing mammary epithelium in control and K14-Eda embryos at E12.5, similar to expression of Edar (Fig 2A and 2B) . At E13.5, NF-κB reporter activity was mainly confined to the basal cells in control embryos ( Fig  2B) , but remained high throughout the bud in K14-Eda embryos (Fig 2C) . Further, sectioning confirmed that supernumerary neck placodes were truly thickened at E12.5 ( Fig 2D, left column) and showed that supernumerary mammary buds, in particular those between buds 3 and 4, consisted of both reporter positive and negative cells (Fig 2D, right column) .
Supernumerary mammary buds in the neck give rise to ectopic mammary glands in the adult Supernumerary mammary placodes forming between gland 3 and 4 give rise to nipples with an associated ductal system in K14-Eda adults, and are responsive to pregnancy hormones [26] . As suggested by embryonic analyses (Fig 1) , a nipple was observed also in the neck region and was often accompanied by accessory, smaller nipple-like structures (Fig 3A) . However, the nipple-like structures in the neck region did not express keratin 2e, a specific marker of nipple epithelium [29] indicating defective differentiation of the nipple epithelium (Fig 3B) . Surprisingly, the neck region was also capable of supporting ductal morphogenesis (Fig 3C) . Similar to the supernumerary glands located between glands 3 and 4 [26] , the ductal trees in the neck were . In control, a low level NF-κB activity was observed anterior to the fore limb bud whereas the same region in K14-Eda gave rise to supernumerary X-gal positive foci (arrowheads). By E12.5 NF-κB became downregulated in the interplacodal region in the control embryos whereas in K14-Eda embryos the appearance of supernumerary placodes between buds 3 and 4 started to become apparent at E12.5 and was more pronounced at E13.5 (arrows). (G-H) Whole mount in situ hybridization using digoxigenin-labelled probes specific to Wnt10b (G) and Dkk4 (H) at E11. 25 . Expression was detected in the emerging mammary placodes, as well as anterior to the fore limb bud (arrowheads) in both genotypes. (Scale bar: 500 μm).
doi:10.1371/journal.pgen.1005676.g001
Fig 2.
Edar expression and NF-κB reporter expression co-localize in the mammary epithelium. (A) Edar transcripts were detected by in situ hybridization with a 35 S-UTP-labeled probe in mammary buds at E12.5 and E13.5. (B) NF-κB reporter was initially expressed throughout the mammary bud in control embryos, but became localized to the basal layer of the epithelium around E13.5. (C) In K14-Eda embryos, reporter activity stayed high throughout the mammary bud at E12.5 and E13.5. mb4 = mammary bud number considerable smaller than those of the endogenous glands and displayed typical pregnancyassociated morphological changes (Fig 3D and 3E ).
NF-κB activity is dispensable for mammary placode formation
As discussed above, engagement of Edar leads to activation of NF-κB. In unstimulated cells, inhibitory IκB proteins, most commonly IκBα, retain NF-κB is in the cytosol [30] . Ligand binding leads to phosphorylation and degradation of IκBα thereby releasing NF-κB. To elucidate the importance of NF-κB signaling in the embryonic mammary placode development, we utilized the IκBαΔN mouse strain which displays suppressed NF-κB activity as a result of ubiquitous expression of a non-degradable IκBα [19] . Analysis of NF-κB reporter expression in IκBαΔN embryos at E11.25 revealed absence of reporter expression ( Fig 4A) . This indicates that NF-κB signaling is fully suppressed in this mouse model at the time of mammary placode induction, similar to later developmental stages (E12-E16) [24] . In situ hybridization analysis of Lef1, which is expressed both in the mammary epithelium and the mesenchyme at E12.5 [31, 32] , confirmed the presence of normal number of mammary primordia in IκBαΔN embryos (Fig 4B) , yet Wnt10b expression suggested that mammary buds may be somewhat smaller ( Fig 4C) . Taken together, these data show that NF-κB activity is dispensable for mammary placode induction.
Formation of Eda-induced supernumerary mammary placodes depends on NF-κB activity
To address the necessity of NF-κB for the ability of Eda to induce supernumerary placodes, we crossed K14-Eda strain with the IκBαΔN mice. Mammary placode markers Tbx3, Wnt10b, and PTHrP [2, 24, 33] were expressed in mammary buds of wild type, IκBαΔN, K14-Eda and compound K14-Eda;IκBαΔN embryos at E13.5 (Fig 5A-5C ). Expectedly expression of PTHrP and Wnt10b appeared slightly downregulated in IκBαΔN background as they have been identified to be transcriptional targets of Eda/NF-κB [24, 34] . All three were also detectable in the supernumerary primordia of K14-Eda embryos, Tbx3 showing a circular expression pattern around the placodes though. Expression of all marker genes was completely abolished in the supernumerary placode forming region in the compound mutants (Fig 5A-5C ). Analysis with scanning electron microscope (SEM) showed no morphological signs of supernumerary placodes in K14-Eda;IκBαΔN mutants ( Fig 5D) . Further, supernumerary nipples or ductal trees were never observed in the adult compound mutants. Our findings show that even though NF-κB is not needed for the formation of endogenous mammary placodes, it is indispensable for formation of Eda-induced supernumerary mammary placodes.
A genome-wide screen identifies several putative transcriptional targets of Eda
In order to identify the immediate downstream targets of Eda/NF-κB, we performed microarray profiling of genes expressed in Eda-/-E13.5 mammary buds exposed to control medium or to recombinant Fc-Eda protein. Using the same setup, but quantitative real-time reverse-transcriptase-PCR (qRT-PCR) and candidate gene approach, we have previously shown that Eda upregulates expression of Wnt10a, Wnt10b, Dkk4, and PTHrP in mammary buds [24] . Altogether 245 probes were upregulated (including Wnt10a, Wnt10b, Dkk4, and PTHrP) and 78 probes downregulated by Eda treatment (Tables 1 and S1) .
Genes in several different signaling pathways including Wnt, Fgf, Tnf, Tgfβ, chemokine, and hedgehog pathways were differently expressed. In addition, adhesion molecules Madcam1 and Icam1, extracellular matrix degrading metalloproteinases Adamts15 and Mmp9, chloride channel proteins clca1 and clca2 (recently reannotated as a1 and a2 variants of clca3, respectively), and transcription factor Foxi3 were among the upregulated genes ( Table 1) . To validate the microarray results, we performed qRT-PCR analysis and in situ hybridization (ISH) or immunostaining of selected genes, both strongly and modestly induced ones (Table 1 , Figs 6A, 6B and S2). Of the 7 genes tested all showed the same tendency as in the microarray, the difference between control and Eda-treated specimen being statistically significant for 5 genes.
Both Madcam1 and Icam1 are known to be expressed in hair placodes and their transcripts are upregulated by Eda in E14 back skin [35] . We did not detect Madcam1protein or Icam1, Adamts15, or Mmp9 transcripts in developing mammary primordia of control embryos by whole mount analysis, yet Madcam1 and Mmp9 (but not Icam1 or Adamts15) were readily Transcription factor Foxi3 was one of the most highly induced genes by Eda. Foxi3 is mutated in several dog breeds, a condition described as canine ectodermal dysplasia [37] . We have previously identified Foxi3 as an Eda-induced gene in developing hair follicles and teeth and shown augmented expression in K14-Eda mammary buds in vivo [38] . The finding prompted us to analyze whether Foxi3 could play a role in mammary gland induction. However, the mammary glands of Foxi3 null embryos were indistinguishable from control littermates and formation of Eda-induced supernumerary mammary primordia was unaffected by loss of Foxi3 (S3A- S3D Fig) .
Wnt pathway genes are upregulated within the milk line prior to ectopic placode formation
Our microarray and previous qRT-PCR analyses revealed that several Wnt pathway genes are induced by Eda (Fig 5, [24] ). Further, we have earlier reported that Lef1 is expressed very early on in the emerging supernumerary placodes of K14-Eda embryos [27] . Given the importance of the Wnt pathway in mammary placode formation, we wanted to study more closely whether expression of the Wnt pathway genes is altered in response to diverse levels of Eda by comparing Eda-/-, wild type, and K14-Eda embryos at E12.5, when ectopic placodes are becoming apparent between buds 3 and 4.
Wnt10b, one of the earliest markers of the milk line, becomes gradually restricted to the placodes as they emerge [2, 3] . Kremen2 (Krm2) is a transmembrane protein that inhibits Wnt signaling in the presence of Dkk proteins [39] whereas Lgr4 is a receptor for R-spondins, which are potent Wnt pathway stimulators [40, 41] . Both Krm2 and Lgr4 have been localized to E12.5 mammary buds [3, 42] . Wnt10a, Wnt10b, Krm2 and Lgr4 were all present in the endogenous mammary buds of all three genotypes (Fig 7A-7D) . Expression of all four genes revealed a correlation with Eda levels: reduction in Eda-/-and up-regulation in K14-Eda mammary buds. Notably, Wnt10b and occasionally Lgr4 and Kremen2 were clearly upregulated as a continuous streak in K14-Eda embryos at the site where supernumerary placodes form. Further, we analyzed expression of β-catenin, which also exhibited a streak-like expression pattern between buds 3 and 4 in K14-Eda embryos (Fig 7E) .
Next, we studied the expression of other genes critical for mammary placode formation. Tbx3 and Nrg3 are first detected in the mesenchyme but at the onset of placode formation they become upregulated (Tbx3) or completely restricted (Nrg3) to the mammary epithelium [12, 15, 33] . Expression of both genes was expectedly found in the endogenous mammary buds in all three genotypes (Fig 7F and 7G) . However, neither of them could be detected in the ectopic mammary forming region in K14-Eda embryos at E12.5 (Fig 7F and 7G ), yet Tbx3 was observed in the ectopic primordia at E13.5 ( [24] ; Fig 5) . Our results show that all Wnt pathway genes studied exhibited early upregulation in the region where ectopic mammary placodes arise, whereas expression of other genes implicated in mammary placode formation (Tbx3, Nrg3) was detectable in this region only at a later developmental stage. Although different probes cannot be directly compared with each other, these data might suggest that especially Wnt pathway activation is critical for induction of ectopic placodes downstream of Eda. Further, our microarray associated Eda with several Wnt pathway genes, but revealed no link between Eda and Tbx3 or Nrg3. Two Fgf ligands (Fgf17 and Fgf20) were upregulated by Eda, but these Fgfs are thought to signal mainly via the mesenchymally expressed c isoforms of Fgfrs, not Fgfr2b [43] , and are thus unlikely to function in a manner similar to Fgf10.
Eda induces supernumerary placodes ex vivo
In order to be able to manipulate and follow mammary placode formation more precisely, we developed an ex vivo tissue culture setup. In brief, ventrolateral skin explants containing the milk line region were dissected from E12.5 embryos and grown in a Trowell-type culture system as described previously [44] . Explants isolated from K14-Eda and control littermate embryos were cultured for a period of two days. After one day (E12.5+1d), wild type and K14-Eda samples appeared almost identical (Fig 8A and 8B) . By E12.5+2d, K14-Eda explants Quantitative RT-PCR analysis of putative Eda target genes in the mammary bud. E13.5 Eda-/-mammary primordia were treated with control medium or 250ng/mL of Fc-Eda for 4h and expression of the indicated genes was analyzed by qRT-PCR. Data are shown as mean ±SD. *P < 0.05; **P<0.01. Adamts15 (n = 6) , Icam1 (n = 5) , Madcam1 (n = 6) , Mmp9 (n = 6) , ClCa1/2 (n = 4) , Krm2 (n = 6) and Lgr4 (n = 10) .
doi:10.1371/journal.pgen.1005676.g006
were clearly distinguishable from controls due to the presence of supernumerary bud-like structures that had formed between buds 3 and 4, and occasionally also between buds 2 and 3 (Fig 8A and 8B) . Typically, 2-3 supernumerary primordia formed between buds 3 and 4. The explants thus recapitulated the in vivo phenotype very closely [27] .
Next, we tested whether recombinant Fc-Eda protein had the capacity to induce formation of ectopic buds ex vivo. After one day (E12.5+1d), control and Eda-treated samples appeared fairly similar (Fig 8C and 8D) although incipient supernumerary placodes were observed in Eda-treated specimen. A day later, similar to K14-Eda explants, several ectopic bud-like structures had developed within the milk line in Eda-treated specimen, whereas the controls showed no morphological changes in this region (Fig 8C and 8D) . Increased NF-κB reporter activity was evident in response to Eda treatment at the sites of presumptive supernumerary placodes (Fig 8E and 8F) .
The endogenous mammary buds of both control and Eda-treated explants expressed Wnt10b, Krm2 and PTHrP. As in vivo, expression of these genes was observed in Eda treated samples between buds 3 and 4 (S4A- S4C Fig) . Sonic hedgehog (Shh) is a hair lacode-specific marker whose expression is barely detectably in mammary buds [45] . No Shh expression was observed in endogenous buds or in the region where supernumerary mammary primordia formed in control or Eda-treated samples (S4D Fig). 
Formation of supernumerary mammary placodes is dependent on Wnt activity
Upregulation of several Wnt pathway genes by Eda suggests involvement of canonical Wnt signaling in the induction of supernumerary placodes. However, the effects of Wnt pathway would be difficult to assess genetically due to several putative target genes of Eda that could act redundantly. Instead, we cultured E12.5 wild type and K14-Eda explants in the presence of XAV939, an inhibitor of the canonical Wnt-pathway [46] . Application of XAV939 on tissues of TOP-gal Wnt reporter embryos confirmed significant downregulation of Wnt signaling in all treated explants (17/17 explants) (Fig 9A) . Supernumerary placodes were always observed in non-treated K14-Eda samples at E12.5 + 2d whereas their formation was greatly reduced by low (10 μM) and almost completely inhibited by high (40 μM) concentration of XAV939, respectively (Fig 9B-9F) . At these concentrations, XAV939 had no apparent effect on endogenous buds in wild-type or K14-Eda explants. We also tested the effect of XAV939 on endogenous placodes at the time when they emerge (E11.0) and visualized forming mammary primordia with the aid of K17-GFP transgene [47] . 40 μM of XAV939 did not prevent formation of endogenous placodes, although placode size was clearly reduced (S5 Fig) indicating that supernumerary placodes are more sensitive to Wnt inhibition than endogenous ones. In conclusion, these data suggest that Eda signaling upregulates Wnt activity within the milk line which leads to formation of ectopic mammary placodes.
Discussion
Murine milk line extends anterior to mammary gland 1
We report here that mice overexpressing the Tnf-like ligand Eda develop supernumerary mammary glands not only along the milk line [26, 27] , but additionally in the neck region, anterior to mammary gland 1. Further, based on pregnancy-associated morphological changes, these glands are functional. Traditionally the region possessing mammary potential has been thought to be limited to the area between the axilla and the genital tubercle [1] . The murine mammary line has been identified by a streak of Wnt10b expressing cells [2] . Initially three separate streaks form: a central streak between the limbs appears first followed by independent stripes at the ventral border of each of the limbs where placodes 1 and 5 form [2] . We also observed similar stripes of NF-κB reporter expressing cells in the axilla and groin, and as reported for Wnt10b [2] , they only later became connected with the central streak of the milk line.
In addition to the mammary line, a separate streak of Wnt10b-positive cells, named the dorsal line, has been noted but the importance of these cells has remained elusive [2] . This streak is located dorsally to the milk line, encircles the fore limb bud from the dorsal side and ends at the anterior edge of the fore limb bud. Intriguingly, this is exactly where ectopic placodes form in K14-Eda embryos. We observed a discernible cluster of Wnt10b-positive and Dkk4-positive cells, and a less pronounced aggregate of NF-κB reporter expressing cells, in this location also in control embryos. Inspection of published pictures reveals that this domain is also positive for several other placode markers including Wnt6, Tbx3, and s-SHIP-GFP [2, 33, 48] . Further, it is characterized by high TOP-Gal activity [3, 49] . Collectively, these data and our new findings indicate that the murine milk line extends past the axillary area.
Our data suggest that Eda induced mammary cell fate supporting signals result in the maintenance of a normally transient group of mammary cells at the far end of the dorsal line. Similarly, Eda has been proposed to sustain a transient signaling center in the dental lamina resulting in the formation of an ectopic tooth in K14-Eda mice [27] . On the other hand, in wild-type embryos the area between buds 3 and 4, another region where supernumerary mammary glands develop in K14-Eda mice, is characterized by scattered rather than clustered Wnt10b-positive cells. This may explain why Eda can readily overcome the developmental threshold for placode induction in the neck region leading to the appearance of supernumerary placodes in this position substantially earlier than elsewhere in the milk line. At the time when supernumerary placodes arise between buds 3 and 4, the streak of Wnt10b-positive cells in no longer detectable in control embryos, but it is maintained/reappears in K14-Eda embryos. However, similar to the endogenous buds, Wnt10b expression becomes later confined to the newly formed buds. This suggests that similar mechanisms account for the formation of both endogenous and supernumerary mammary primordia.
NF-κB is needed for supernumerary mammary placode formation
Our analysis on Eda-/-embryos showed that lack of Eda does not interfere with the patterning of endogenous mammary placodes. NF-κB is thought to be activated by all Tnf receptors, but also JNK and p38 pathways can be employed by many Tnfrs [50] . JNK pathway has been suggested to mediate Edar signaling, at least in some cultured cell lines [51] . Though NF-κB can be activated by multiple stimuli we found no evidence that other NF-κB activating cues besides Eda operate during mammary placode formation. As NF-κB was shown to be dispensable for mammary gland induction, it was surprising that formation of Eda-induced supernumerary placodes was NF-κB -dependent. We find it plausible that Eda/NF-κB has a role in the formation of endogenous mammary placodes as well, but loss of function may be compensated for by other pathways, in particular those that enhance Wnt signaling activity (see also below). Nrg3/ErbB4 is one potential pathway that could exert this function as Nrg3-coated beads induce Lef1 expression concomitant with ectopic placodes-like structures in vitro [15] .
Eda regulates genes in multiple pathways implicated in mammary gland development
Our microarray profiling of genes differentially expressed in mammary buds upon short exposure to recombinant Eda protein revealed members of several signaling pathways. This implies that Eda may act by tinkering the activity of multiple mammary-associated pathways during morphogenesis. We found significant changes in expression of Wnt, Fgf, Tnf, and chemokine pathway genes, similar to our previous findings in Eda-regulated genes in hair placodes [35, 52] . Although these two studies cannot be directly compared due to different microarray platforms used, it seems that the gene regulatory network governed by Eda is largely shared between hair follicles and mammary glands.
We found changes in several Wnt pathway genes upon Eda treatment; both agonists (Wnt10a, Wnt10b, Lef1, and Lgr4) and antagonists (Lrp4, Kremen2 and Dkk4) were upregulated, as also observed in hair placodes [24, 34, 52] . Proper spacing of many ectodermal appendages is believed to be achieved by combinatory regulation of positive and negative signals [53, 54] . The reaction-diffusion model suggests that soluble factors that either promote or inhibit placode fate are co-expressed in placodes. However, unequal diffusion/stability of these substances may result in higher activator activity in the placodes whereas in the surrounding tissue, the opposite, higher inhibitor to activator ratio, prevents acquisition of placode fate. Further, it seems plausible that these cues are fine-tuned by several different pathways. The ability of Eda to modulate the expression of both placode activators and inhibitors in combination with the input from other signaling pathways may also explain the puzzling finding that HED patients may have both missing and supernumerary nipples [21, 23] .
We propose that maintenance and/or enhancement of Wnt pathway activity is the critical molecular mechanism whereby Eda induces the formation of mammary placodes. Our conclusion is based on the following findings: 1) Canonical Wnt signaling is absolutely necessary for mammary placode induction and genetic deletion of Wnt pathway antagonists (Lrp4, Sostdc1) causes more epidermal cells to adopt mammary cell fate along the mammary line [3, 31, 49] ; 2) Several Wnt pathway genes show an early upregulation at the prospective site of ectopic mammary placodes in K14-Eda embryos; and 3) Pharmacological inhibition of Wnt signaling suppresses formation of supernumerary placodes in K14-Eda mammary explants in a dosedependent manner at doses that however, do not yet prevent formation of endogenous placodes. Eda and Wnt signaling pathways are intertwined during development of several ectodermal organs [24, 34, 52, 55, 56] . In primary hair placodes, Wnt/β-cat signaling enhances Edar expression which in turn is required for upregulation of Wnt10a/b to levels high enough for placode morphogenesis to proceed. In the absence of Eda, placode formation is halted at a rudimentary 'pre-placode' stage characterized by severely reduced levels of Wnt activation [19, 34, 52, 57] . However, mammary placodes are largely insensitive to loss of Eda. Interestingly, Lgr4 deficient embryos display a similar defect in primary hair placodes as Eda null embryos [58] but all mammary glands form in Lgr4 deficient mice [59] . Collectively, these data indicate that in the absence of Eda, cues other than Eda/NF-κB are responsible for maintenance of Wnt10a/ b/Lgr4 expression and thereby sufficient Wnt signaling activity to support early mammary morphogenesis. Alternatively, other Wnt ligands/Lgrs that are insensitive to Eda levels may have a more critical role in mammary primordia than in hair placodes.
Regulation of mammary gland position and number-a role for Eda?
The number of mammary glands is usually considered to be a species-typical invariant trait [60] [61] [62] indicating that the balance between mammary fate promoting signals must be tightly balanced with inhibitory cues to ensure the development of the correct number of mammary glands. Yet, in some species such as the pig, dairy cattle, and multimammate mice (a.k.a. African soft-furred rat), Mastomys natalensis and its closely related species, a notable intraspecific variability has been observed [60, 63, 64] . Even in humans, accessory nipples and breast tissue are found at relatively high prevalence (estimates ranging from 0.2% to 5.6%) [65, 66] . These findings show that the mammary line has the capacity to produce more than the species-typical number of organs. Misregulation of the Eda/Wnt pathway could offer an explanation for some sporadic cases of polythelia or absence of breast.
The number and location of mammary glands vary widely between mammals [60, 62, 67] . In humans and other primates mammary glands are located at the thoracic region, in most ungulates at the inguinal region, in mice, cats and dogs at both regions, whereas pigs have them along the entire length of the milk line. Usually the number of pairs corresponds to the average number of offspring born at a time [61, 67] . Highest mammary gland numbers are seen in some marsupials and domesticated pigs, whereas mice and rats have maximally 6 pairs [60] [61] [62] . Multimammate mice are a striking exception with 8 to 12 pairs, or even more, scattered throughout the mammary line [64, 68] thereby greatly resembling K14-Eda mice. However, it is not known whether the milk line is expanded anteriorly as in K14-Eda mice. Changes in the Eda pathway activity have been linked to intraspecies evolutionary adaptations in the numbers of skin appendages in two species: the amount of armor plates in marine vs. freshwater threespine sticklebacks and the sweat gland density in modern human populations [69, 70] . It is tempting to speculate that differential expression levels of the Eda pathway components account for some of the interspecific differences observed in the number and position of mammary glands.
Materials and Methods
Animals
The generation and genotyping of the following mouse strains have been described: K14-Eda [26] , IκBαΔN [19] , Eda null (Tabby) (Jackson Laboratories; stock no. 000314), TOP-gal (Jackson laboratories; stock no. 004623), K17-GFP, Foxi3-deficient, and NF-κB reporter mice [24, 47, 71, 72] . K14-Eda, Foxi3-deficient, K17-GFP, and NF-κB rep mice were maintained on the C57Bl/6 background. IκBαΔN mice were bred in the C57BL/6 or a mixed C57BL/6 and FVB background. Eda null and TOP-Gal mice were on B6CBA and NMRI backgrounds, respectively. The appearance of a vaginal plug was considered the embryonic day (E) 0.5. The age of the embryos were further staged according to the limb morphogenesis [73] and other external criteria.
Ethics statement
All mouse experiments were approved by the local ethics committee and National Animal Experiment Board of Finland under licenses KEK13-020 and ESAVI/2984-04.10.07-2014. The mice were sacrificed with CO 2 followed by cervical dislocation.
Histology, X-gal and carmine alum staining Embryos or dissected tissues were fixed overnight in 4% PFA at 4°C, processed through rising ethanol series and xylene into paraffin and sectioned at 5 μm. Whole mount X-gal staining was done according to a published protocol [74] . The samples were postfixed with 4% PFA. When sectioned, the counterstain was performed with Nuclear fast red. Processing of the mammary glands and the Carmine alum staining was performed as previously described [24] . Whole embryos and tissues were photographed using the Olympus SZX9 stereomicroscope and slides with the Zeiss Imager.M2.
Immunohistochemistry
For the keratin2e immunostaining, sections were deparaffinised and citrate-treated in 6mM sodium-citrate buffer (pH 6). The blocking was done with 5% goat serum in 3% BSA in PBS. The samples were incubated overnight with a primary mouse antibody against keratin2e (10R-C166a, 1:200, Fitzgerald) followed by a goat anti-mouse-HRP secondary antibody (1:500; Jackson Immuno Research). Detection was done with the Vectastain Elite ABC Kit (Vector Laboratories) and counterstain with haematoxylin. The whole mount immunostaining for Madcam1 was performed with a primary rat antibody against Madcam1 (550556, 1:25; BD Pharmingen) and a secondary anti-rat-HRP antibody (1:200, Santa Cruz Biotechnology). The DAB substrate kit for peroxidase (Vector Laboratories) was used for detection. Unspecific staining was blocked with 1% dry milk in 1xPBS/0.1% Tween-20.
Organ culture
The ventrolateral skins that contained the mammary forming region and at least the endogenous buds 2, 3 and 4 were dissected from E12.5 embryos and half embryo explants were prepared from E11.0 embryos as indicated in the text. The explants were cultured for 1 to 2 days in a Trowell-type culture setting [24, 52] . The medium consisted of 1:1 mixture of DMEM and F12 (Ham's Nutrient Mix: Life Technologies) and was supplemented with 10% (vol/vol) FCS (PAA Laboratories), 2 mM l-glutamine, penicillin-streptomycin and ascorbic acid (75 mg/L). When indicated, recombinant Eda protein (Fc-Eda-A1) [75] was added to the growth medium to achieve a final concentration of 250ng/mL. Wnt inhibitor XAV939 in DMSO (Stemgent) was used as 10 μM or 40μM concentrations. Two separate stock solutions were generated for the inhibitor in order to avoid DMSO concentrations higher than 0.25% in the culture medium. Each time, one side of the embryo was used as the control and the other was treated with XAV939.
In situ hybridization
The embryos or tissue culture samples were fixed overnight in 4% PFA at 4°C and processed for whole mount in situ hybridization or for paraffin-embedding. The whole mount in situ hybridization was performed with inSituPro robot (Intavis AG). The following digoxigeninlabelled RNA probes were used: PTHrP [76] , Wnt10b [77] , Wnt10a [78] , Lef1, β-catenin, Shh [79] , Tbx3, Nrg3 [15] , Kremen2 (nucleotides 1306-1703 of NM_028416.2), Mmp9 (nucleotides 527-1131 of NM_013599.3) and Lgr4 (nucleotides 3408-3823 of NM_172671.2). The detection was achieved by using BM Purple AP substrate Precipitating Solution (Boehringer Mannheim). Radioactive in situ hybridization on paraffin sections was carried out according to previously described protocols using 35 S-UTP labelled (Amersham) probe specific to Edar [80] .
Hanging drop experiment and quantitative RT-PCR
The hanging drop culture has been described in detail elsewhere [24, 52] . In short, two pools of 15-20 E13.5 Eda-/-mammary buds from 4 or 5 embryos were collected for each sample pair: one pool was treated with 250 ng/mL of Fc-Eda for 4h, whereas the other one was maintained in a control medium for 4h. RNA extraction and cDNA synthesis was performed as described previously [24, 52] . qRT-PCR was done in a LightCycler 480 (Roche, Indianapolis, IA) and the following analysis was done with software provided by the manufacturer. The expression data were normalized against Ranbp1 gene. For primer sequences see (S2 Table) .
Statistical analyses
Unpaired Student's t-test was used for statistical analysis of all data. P-values of 0.05 were considered to be statistically significant.
Microarray
E13.5 mammary buds were dissected from Eda-/-embryos and used either as a control or exposed to 250 ng/mL of Fc-Eda as described above. 15-20 mammary buds were pooled in one sample, and three biological replicates were collected. RNA was extracted as previously described [24, 28] and RNA quality was monitored using a 2100 Bioanalyzer (Agilent Technologies). RNAs were processed and hybridized on Affymetrix Mouse Exon 1.0 ST arrays (Santa Clara, CA) in the Biomedicum Functional Genomics unit (University of Helsinki, Finland). Significance analysis between treated and control samples was done using three statistical tests.
In each test, a paired t-test (pairing was done over treatment-control pairs) was applied to the data. Differentially expressed genes were detected using Limma, IBMT (intensity based moderated t-test), and Cyber-T. All methods were applied with default parameters. Obtained p-values were adjusted for multiple testing using Storey's q-value method. The data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus [81] and are accessible through GEO Series accession number GSE69781 (http://www.ncbi.nlm.nih.gov/geo/query/ acc.cgi?acc=GSE69781)
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